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$\Gamma\ll Re^{-1/2}\ll 1$ $|Re$ , $\Gamma$
$|_{-}$. , .
, $\pm 30^{v}$ (. $|$ $|$ )
. $o(Re^{-1/\underline{\cdot)}})$ $O(Re^{-\underline{1}^{r}}o)$ , $O(Re^{-1/5I}$
. $O(1)$




$Re=10^{5}$ . $\Gamma=2\cross 10^{-4}$ (
1
, . (.
. Roberts arid Stewartson $1963)_{C}$ , ,
( , Bondi and Lyttleton 1953. $B$ usse 1968)
, .
. , . (Goto et al. 2007, Kida and Nakayama 2008,
Kida et al. 200$9^{|_{C}}$ , . 2 , ,
$Re$ $\Gamma$ ( (4) (5))
, ,
. $|$ 6. 2007)
. , $\Gamma\ll Re^{--1/\underline{\cdot)}}\ll 1$
2
, $\Omega_{p}(\equiv\Omega_{\ell}\hat{x})$




$\Gamma$ 1 $|$ (8) $-(10)^{1}$ . $|$
$\Omega_{p}$ . ,
$(u \cdot\nabla)u+\nabla_{J^{J}}+2\Gamma\hat{z}\cross u-\frac{1}{2}\Gamma\underline,\nabla(r\cross\hat{z})^{-}-\frac{1}{R^{}}\nabla u\underline{)}=0$ (1)
$\nabla\cdot u=0$ , (2)
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. .
$u=\hat{x}\cross r$ $(|r|=1$ $)$ (3)
, $u$ , $p$ , $t$ , $r$ , (1)
3 4 , , $tl$ ,
$\Omega_{\theta}$ . $\nu$ , $t$
(1) , 2 . ,
$R e=\frac{r^{\underline{\prime}}\Omega_{\rho}}{\nu}$ (4)
$\Gamma=\frac{\Omega_{p}}{\Omega_{\epsilon}}$ (5)
$(\Gamma=0)$ . , (1) $-(3)$ ,
$u_{soli}(\{=\hat{x}\cross r(=\hat{\varphi}?i^{\backslash }i_{I1}\theta).$ (6a)
Psohd $= \frac{1}{\underline{J}}|\hat{x}\cross r|^{r})$ $(= \frac{1}{2}\gamma^{r}s^{\backslash }i_{I1}^{2}\theta)$ $($6b $)$
—.
, $(\Gamma\ll 1)$ ,
$u=u_{80lid}+\Gamma u^{(1)}+\Gamma^{-u^{(f)}+}\cdots$ . (7a)
$p=I^{J_{8\circ 1id}++\Gamma^{\sim})}\Gamma p^{(1)}.p^{t\underline{)}}+).\ldots$ $(\overline{/}b)$
, $\Gamma$ $*$ ’
(7a) $(\overline{/}b)$ (1) $-(3)$ , $O(\Gamma)$ ,
$(u_{soi_{id}\cdot\nabla 1u^{(1)}}+(u^{(1)} \cdot\nabla)u_{solid}+\nabla_{P^{(1)}}-\frac{1}{Re}\nabla^{-}u^{(1)}=-2\hat{z}\cross u_{8oIid}$ . (S)
$\nabla\cdot u^{(1)}=0$ . (9)
$u^{(1)}=0$ $(|r|=1$ $)$ (10)
(-.
$\cdot$
$u_{s}$ iid $x$ . 1 .
, . $x$ $(r, \theta_{t,^{\neg}})$ . , $(x.\rho.\langle r\triangleleft)$ ,
$u^{(1)}(\gamma\cdot.\theta.\varphi)=$ Real $(v(r.\theta)e^{i\varphi})$ , $p^{(1)}(7^{\cdot}.\theta.\varphi)=$ Real $(q(r.\theta)e^{i_{\text{ }}\rho})$ . (lla)
,
$u^{(1)}(x.\rho.\varphi)=$ Real $(v(.r.\rho)e^{i\varphi})$ . $p^{(1)}(r, \rho.\varphi)=$ Real $(q(\prime x.\rho)e^{i\varphi})$ (llb)




$(Rt-\gg 1)$ . $O(\delta)$ .
$\delta=\frac{1}{\sqrt{R}}$ (12)
(8) ( 1 $|$ ( 4 $|$ . . .
3.1
. (8) . . $\Gamma$ 1 .
( , (8) $|$ . $u^{(1)}$ $O(\Gamma)$




$(.r.\rho.(r^{q})$ . (8) .
$iv_{rx}+\frac{\partial q_{J}}{\partial.r}=2i\rho$ . (13a)





$\frac{\partial v_{rx}}{\partial\prime r}+(\frac{\partial}{\partial\rho}+\frac{1}{t}J)v_{r\rho}+\frac{i}{p}v_{l_{\hat{\Psi}}}=0$ $(13c1)$
. $v_{l}=v\prime x^{\hat{X}}+v_{\rho},\hat{\rho}+v_{r_{v}}.\hat{\varphi},$ $u_{s}$ iid $=\hat{\varphi}\rho$ $\hat{z}=\hat{\rho}\backslash \cdot ir\iota\varphi+\hat{\varphi}_{(o\backslash \varphi}$
. . $|B((o\backslash \theta)$ .
(50) $|$ ,
$\iota\cdot os\theta v_{lx}$ $(co.g \theta_{\backslash }\backslash i_{I1}\theta)+\backslash i_{I1}\theta\iota_{r\rho}(\iota\cdot os\theta, \backslash in \theta)=B(\iota\cdot 0_{\backslash }\backslash \theta)$ $(0\leq\theta\leq\pi$ $)$ (14)
(13a) $-(13d)$ ,
$( \frac{o-}{o_{t)}\underline{\cdot)}}+\frac{1}{\rho}\frac{\partial}{o_{t^{J}}}-\frac{1}{t^{y}\underline{)}}-3\frac{\partial\underline{)}}{\partial_{X}\underline{)}})0_{lI}=0$ (15)
(15) . $F(x)$ ,
$l_{l1}(x, t)= \sqrt{3}\int_{0}.\pi_{F(\frac{1}{\underline{)}}.\Gamma+=^{\Gamma_{d_{\rho}}}\underline{)}((\backslash \lambda)(()4^{\backslash }}\lambda t1\lambda\underline{)}...\cdot.\cdot\cdot.$, (16a)
$\langle$ A . . .
$v_{l} \rho(.c.\rho)=2.r-\int_{0}-,\pi_{F(\underline{1}-(os^{\backslash }\lambda)}\underline{)}X+Ls_{\rho}.(1+\backslash i_{I1}\underline{.)}\lambda)(1\lambda$ (161) $)$
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$t_{l_{\star}:}(.\iota\cdot,t’)=2i_{I}.\cdot-i\int_{0}.\pi_{F(\cdot U}\frac{1}{\underline{)}}.L^{\cdot}+r_{\rho\iota\cdot 0\backslash \cdot\lambda)}^{\Gamma_{3}}\underline{)}\underline{.)}(1+(.\bigcup_{c}\backslash \underline{\cdot)}\lambda)(1\lambda$ , $(16\iota\cdot)$
$q_{l}(.r_{\text{ }}t^{l})= i\rho[2.r.\cdot-3\int_{\cup}.\pi_{F(\frac{1}{\underline{)}}.c+\frac{\sqrt{3}}{\underline{)}}\rho(O_{\sim}\backslash \lambda I^{si_{I1}\lambda}(1\lambda]}\underline{)}\underline{)}..\cdot\cdot.\cdot\cdot$ $(16t1)$
(16a) (16b) (14) . $F(.\iota.\cdot)$ .
$\int_{0}^{\underline{\prime}_{\pi}}F(\frac{1}{\underline{)}}c\cdot 0\backslash \theta+r_{\underline{\gamma}}^{\Gamma_{3}}$ siii $\theta$ (os $\lambda$ ) $[VZi_{1O_{c}\backslash \theta}\backslash (0\backslash \lambda-\iota_{\backslash }ir\iota\theta(1+\sin\underline{)}\lambda)](1\lambda$
$=B(\iota\cdot os\theta)-2$ siri $\theta_{tO-}s^{\backslash }\theta$ $(0\leq\theta\leq\pi$ $)$ (17)
$\backslash -$
(17) $sirl\underline{)}\theta\iota\cdot os\theta$ , $\theta$ $0$ $\pi$ . ( 7),
$\int_{0}^{\pi_{B(\iota\cdot 0\backslash \theta)s^{\backslash }ir1^{-\theta\iota\cdot 0\backslash \theta}}}\sim\backslash \cdot,.\cdot(1\theta=\frac{8}{1_{i\overline{)}}}$ (18)
, $O(\Gamma)$ $B((o\backslash \theta)$ , .
$O(\Gamma\delta^{-1})$ ( . . (
$u_{r}^{1}$ $(u_{\theta}$ $\{r_{\grave{\Psi}}^{1}$ $O(\delta)$ , , ,
, $|$ , $O(\Gamma\delta^{-1})$
$o(\Gamma\delta^{-1})$ ( . $v_{l}^{[-1]}$ $q_{I}^{[-1]}$ ) , $(13a)-(14)$ . (13a) (14)
, $F^{[-1]}$ .
$v_{rx}^{[-1]}(x. \rho)=\sqrt{3}\int_{0}.\pi F^{[-1]}\underline{)}(\frac{1}{\underline{)}}X+r_{\rho_{C(h^{\backslash }}\lambda)eos\lambda 1\lambda}^{\Gamma_{S}}-..\cdot(.$ (19a)
$v!_{\rho}^{-1]}(.r. \rho)=-\int_{\{)}\pi F^{[-1]}\underline{)}(\frac{1}{\underline{)}}x+Ls_{\rho\iota\cdot os\lambda)}\underline{)}$ $(1+$ sin $\underline{)}\lambda)d\lambda$ . (19b)
$v!_{\varphi}^{-1]}(.r. \rho)=-i\int_{0}.\pi F^{[-1]}\underline{)}(\frac{1}{\underline{)}}x+L_{\rho\iota vs\lambda)}^{s}\underline{)}.(.,\underline{.)}.$ $(19\iota\cdot)$
$q!^{-1]_{(x.\rho)=-3i\rho}} \int_{0}.\pi F^{[-1]}\underline{)}(\frac{1}{\underline{)}}.\mathcal{L}+c_{3_{\rho}}\underline{)}(.Ot;\lambda)\backslash \backslash ir1^{\underline{\lambda}}\lambda d\lambda$ (19d)
$O(\Gamma\delta^{-1})$ .
$\int^{\underline{)}}\pi F^{[-1]}(\frac{1}{\underline{)}}(.os\theta+\sim^{\lambda}c_{3}\sin\theta(.os\lambda)[\sqrt{3}(.os\theta\iota\cdot os\lambda-sirl\theta(1+\grave{k}\backslash \backslash irl\underline{.)}\lambda)]t1\lambda=0$
$(0\leq\theta\leq\pi$ $)$ 20)
(20) , $C$ .
$F^{[-1]}(.r)=C.r$ (21)
. $|$ . $\grave$ ) .
$C= \frac{2i}{3\pi}le^{ib}$ ( $n$ $b$ ) 22)
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,$v!_{x}^{-1]}(.r.\rho)=$ iaei $b_{\rho}$ . (23a)





$v_{lx}^{1-1]}(x,\rho.\varphi)=-(l\rho$ siri $(\varphi+b)$ . (24a)
$u!_{\rho}^{-1]_{(.t.\rho.\varphi)}}=lX$ siii $(\varphi+b)$ . (24b)
$v_{r\varphi}^{1-1]}(x, \rho, \varphi)=(\iota^{l}x\iota\cdot(Ji^{\backslash }(\varphi+b).$ $(24\iota\cdot)$
$p!^{-1]}$ $($X. $\rho$ . $)$ $=\iota:\rho x$ (OS $(\varphi+b)$ $($ 24d $)$
, $\iota$ , $(y.z)$ $y$
$b$ , $\omega=0.\dot{A}’=-2_{lt0i};b1-1$] $[-1]$ . $\omega_{\sim}^{1.-1]}=2_{ll}$ siii $b$
, ,
[1] , $O(\Gamma\delta^{-1})$ . (tz ) ( $b$ )
[2] $O(\Gamma)$ $F(.r)$ $(16a)-(16()$ 5 $F(x)$ . (17)
$–$ .
[3] $O(\Gamma)$ , (18) .-.
3 .
32
. $r$ $(?\cdot.\theta, \varphi)$ .
$7^{\cdot}=1-\delta s$ . (25a)
$v,.(?_{t}\theta)=v_{B8}(s.\theta)$ . (25b)
$v_{\theta}(\gamma\cdot.\theta)=\delta^{-1}v_{B\theta}(s, \theta)$ . $(2_{\overline{i)}}\iota\cdot)$
$v_{\Psi^{\neg}}(?\cdottheta)=\delta^{-1}\iota_{B}\dagger\varphi(s.\theta)$ , $(25\langle 1)$
$q(l_{t}\theta)=\delta^{-1}q_{B}(s.\theta)$ (25e)
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, (8) (9) ,
$\frac{\partial q_{B}}{\partial s}=0$ , (26a)
$iv_{B}\theta-2_{C0\grave{.}\backslash }\backslash \theta v_{s\varphi}=-\frac{\partial q_{B}}{\partial\theta}+\frac{\partial^{f}v_{B\theta}}{\partial_{6}^{\underline{\prime}}}$ . (261) $)$
$iv_{B\varphi}+2e\cdot os\theta v_{B\theta}=-\frac{iq_{B}}{i^{\backslash }i_{I1}\theta}+\frac{\partial^{\underline{)}}v_{B}\varphi}{\partial s-}$ . (26c)





$v_{B}\varphi(\infty,\theta)=ae^{ib_{COb^{\backslash }}}\theta$ , (28b)









$v_{B\theta}(s. \theta)=-\frac{i\iota xe^{ib}}{2}[(1+\mu)(1-e^{-\lambda_{-}(\mu)s})+(1-\mu)(1-e^{-\lambda_{+}(\mu)\epsilon})]$ . (30b)
$v_{B} \varphi(s.\theta)=+\frac{ae^{ib}}{2}[(1+\mu)(1-e^{-\lambda_{-}\langle\mu)p})-(1-\mu)(1-e^{-\lambda_{+}\langle\mu)s})]$ , $(30\iota\cdot)$









. $(a)\varphi=0$ . $(b)\pi 2$ .
$\lambda_{\pm}(\mu)=(1sg(\frac{1}{\underline{)}}\pm\mu)i)|_{-}^{\underline{1}},$ $\pm\mu|^{\tau^{1}}$ (31b)
$\lambda\pm$
$\mu$ , $\mu=\mp\frac{1}{\underline{)}}$ , $\lambda\pm$ (30a) $-$
$(30()$ $\mu=\mp\frac{1}{\underline{)}}$ , . $v_{B\epsilon}(s.\theta)$ . .
6,
(30a) ,
$v_{B\beta}( \propto, \theta)=\frac{3(ze^{ib}\sqrt{1-\mu\underline{)}}}{8}[\frac{(1+\mu)\lambda_{+}.(\mu)}{(\frac{1}{f}+l^{4)^{\underline{\prime}}}}-\frac{(1-\mu)\lambda_{-}.(\mu)}{(\frac{1}{2}-\mu)\underline{)}}]$ (32)




- $(30a)-(30c)$ , $\lambda_{-}(,4)$ $\mu=\frac{1}{\underline{)}}$
, $\lambda_{+}(\mu)$ $\mu=-\frac{1}{\underline{)}}$ , (30d)
$(\mu=0)$ , . $\mu=\frac{1}{\underline{)}}$
$(30a).-(30\iota\cdot)$
$v_{Bg}^{c}(s, \theta)=(re^{ib}\sqrt{1-\mu\underline{)}}[-\frac{3(1-\mu)\lambda_{-}.(l^{A)}}{8(\underline{1},--\prime\iota)\underline{)}}(1-e^{-\lambda_{-}(’ r)\nu})+\frac{i(1.,+\mu)s}{4(\underline{1},--\mu)}e^{-\lambda_{-}(\mu)\nu}].$ (33a)










(33a) $-(33()$ $\mu=\frac{1}{arrow)}$ , $\delta^{\beta}$ j$\mp$ .
$v_{B\mu}^{c}( \xi,\eta)=-\frac{\sqrt{3}l^{1}ib}{2\delta^{3}\tau^{\{j}}[\frac{3[1-\backslash \backslash gr\iota(\tau\prime)i]}{16|_{Tl}|^{3}\tau}(1-e^{-\delta^{\mathfrak{u}+*\mu-1}[1-sgii(l|)i]|\prime;|^{*}\xi)}\wedge-$
$+ \frac{3i\xi}{8r/}e^{-\delta^{\alpha+\neq\not\in}}\sim\rho-11^{1-sgr\iota(\iota/)i]|\prime\prime|\xi}+\cdots]$ , (36a)
$v_{B\theta}^{\sigma^{\backslash }}( \xi, \eta)=\frac{3i\iota e^{ib}}{4}e^{-\delta^{U}\sim[1r\iota(l)i]|\eta|^{*}\xi}+*B-1-sgt[1+\frac{2}{3}\delta^{3}(\eta+\cdots].$ (361) $)$
$v_{B\varphi}^{s}( \xi_{\}\eta)=-\frac{3(le^{ib}}{4}e^{-\delta^{c+\tau^{\beta-1}}}\prime 1[\perp Il’\star[1+\frac{2}{3}\delta^{8}\eta+\cdots]$ (36c)
. , $i;=\delta^{\alpha-1}\xi$ $\lambda_{-}(l^{\iota})=\delta\not\in l’[1-s^{\backslash }gr1(\eta)i]|\eta|-\pi 1$ $\xi$ $rl$
.
$\alpha+\frac{1}{\underline{)}}\beta=1$ (37)
(35) (37) , $0< \beta<\frac{\underline{)}}{3}$ . , $|v_{r}|\ll|v_{\theta}|$ . $|v_{\varphi}|$
.
. (25a) $-(25e)$ (36a) $-(36()$ , $v_{r}(r\cdot.\theta)=O(\delta-)$ .
$u_{\theta}(?\cdottheta)=O(\delta^{-1})$ $v_{\varphi}(\gamma\cdot.\theta)=O(-1)$ ,
$v_{r}(\cdot.\theta)=\delta^{-\frac{3}{\underline{\circ}}\partial}(v_{c\xi}(\xi, \eta)+\delta^{\theta}v_{c\xi}^{(1)}(\xi.rl)+\cdots)$ . (38a)
$v_{\theta}(z\cdot.\theta)=\delta^{-1}(v_{c\eta}(\xi,rl)+\delta^{\beta}v_{C’|}^{(1)}(\xi.\eta)+\cdots)$ . (38b)
$v_{\varphi}(\uparrow\cdot.\theta)=\delta^{-1}(v_{c\varphi}(\xi.\eta)+\delta^{\theta}v_{c\varphi}^{(1)}(\xi,\eta)+\cdots)$ (38c)
, $\delta^{l3}$ , $v_{c\varphi}$ .
$\frac{o_{t_{c\xi}’}}{O\xi}+\frac{\sqrt{3}}{2}\frac{\partial v_{Cl|}}{\partial rl}=0$ (39)
$\acute$
. ,





$(38a)-(38_{t}\cdot)$ (401) $)$ $\theta$ . $\delta$
.
$iv_{c\eta}-v_{c\varphi}+(-2\delta^{\theta}\eta v_{c\cdot\varphi}-\frac{\sqrt{3}}{2}\delta^{1_{\circ}^{3}}\sim’\frac{\partial p_{c}}{\partial r/}-\delta^{B}\frac{o_{t_{c\eta}}^{\underline{)}}}{\partial\xi\underline{)}}+i\delta^{\theta_{\iota_{c\eta}^{\langle 1)}-\delta^{J}v_{c\varphi}^{(1)})}^{}}.+\cdots=0$ .
(41a)
$iv_{c_{\hat{\Psi}}}+v_{c\eta}+(lc?/+\sqrt{3}\delta^{1-\frac{3}{2}t}\prime v_{c\xi}-\delta^{\beta}\frac{\partial^{\underline{)}}v_{c\varphi}}{\partial\xi\underline{)}}+i\delta^{1};v_{c\varphi}^{(1)}+\delta^{\delta}\iota_{Cl}^{(1)}J)+\cdots=0$ (41b)
. (35) $\iota\cdot os\theta=\frac{1}{\underline{)}}+\delta^{l}’\eta+\cdots$





$-2r]v_{c\varphi}- \frac{\sqrt{3}}{2}\frac{\partial q_{C}}{\partial rl}-\frac{\partial^{\underline{|}}v_{c\prime|}}{\partial\zeta^{\underline{\prime}}}+iv_{c_{l}}^{(1)}’-v_{c\varphi}^{(1)}=0$ . (43a)
$2 \eta v_{c\eta}+\sqrt{3}v_{c\xi}-\frac{\partial^{\underline{)}}v_{c\varphi}}{\partial\zeta\underline{)}}+i\cdot v_{c_{\Psi^{\neg}}}^{(1)}$ . $+v_{c1l}^{(1)}=0$ (43b)
, $\beta=1-$ (37) ,
$c z=\frac{4}{5}$ . $\beta=\overline{\overline{5}}$ (44)
,
(39). (40a). (42). (43a) (43b) ,




. (45a) . $\eta=0$ $Q$ ( $q_{c}$ )
. $\iota_{c_{\vee}}\cdot\cdot$ (40a) . $v_{c},$, (42) , . $v_{c\xi}$ (39) .
$v_{c\xi}=- \frac{3\sqrt{3}i}{8}le^{ib}\frac{\partial Q}{o_{7}l}$ . (46a)
$v_{c\eta}= \frac{3i}{4}(\iota e^{ib}\frac{OQ}{O\zeta}.$ (461) $)$
$t_{c\prime}’=-\frac{3}{4}(lP^{ib}\frac{\partial Q}{\partial\xi}$ $(46(.)$
156
-, . $\xi$ 7] (36a) $-(36c)$ (38a) $-$
$(38c)$ . $\xi=0$ . $\{)_{C\xi(0,\eta)}=0$ . $lJ_{C_{l}},(0. \eta)=\frac{3}{4}i(l\epsilon^{ib},$ $v_{C7\prime}^{(1)}(0. \eta)=\frac{1}{*)}i_{lf^{1}}^{ib}\eta$ . $()_{C\varphi}(0. \eta)=-\frac{s}{4}(Jt^{3}ib$ .
$\iota_{c\varphi}^{(1)}(0.\eta)=^{1}-\sim\underline{)}le^{ib}ri$ . $\xi=0$ (40a) (411) $)$ .




(36c) , , $\xiarrow\infty$ .
$\frac{\partial Q}{\partial\xi}(\xi.\eta)arrow 0$ $(|r/|>0, \xiarrow\infty)$ $(4\overline{/}d)$
$(45a)-(47d)$ , $\eta$ .
$Q(\xi.\eta)=Q^{*}(\xi$ . $-\eta)$ (48)
, $*$ -,. $(36a)-(36c)$ $ae^{ib}$
. . $\eta=0$ ,
Irnag $(Q(\xi.0))=0$ $(\xi\geq 0)$ (49a)
(45a) , Real $(\partial^{\underline{\prime}}Q\partial\xi\partial\eta(\xi,0))=0$ , $\xi$ ,
Real $( \frac{\partial Q}{\partial r]}(\xi, 0))=0$ $(\xi\geq 0)$ (49b)
, $(47()$ .
. $(36a)-(36c)$ $\xiarrow 0$ $|\eta|arrow\infty$ ( , $|\eta|^{1}\tau\xi$ ) .
$(46a)-(46()$ ,
$Q( \xi.rl)arrow\frac{\backslash ^{\backslash }gt1(rl)i(1-bgr1(r])i)}{2|rl|^{1/\underline{?}}}(1-ex])[-$( $1$ –sgri$(7])]$ ) $|?]|$ lt $\xi])$
$(\xiarrow 0_{t}|r]|arrow\infty,$ $|\eta|^{*}\sim\xi$ , $)$
(45a) $rl$ 1 , ,
,
(45a) $(47a)-(47d),$ $(49a)$ (49b) . (
$\grave$







2: $Q(\xi, \eta)$ (a) . (b) 1.
$B(\mu)$ . (32) $\mu=\pm\frac{1}{f}$ .
$B(\mu)=\{\begin{array}{ll}-\frac{3\sqrt{3}iae^{ib}}{8}\{\delta^{-@\frac{\partial Q^{*}}{\partial r/}(l-)-\frac{i\sqrt{1-\mu\underline{)}}(.1-\mu).\lambda_{-}(\mu)}{\sqrt{3}(\frac{1}{\underline{)}}-l^{A)^{2}}}}r\} (-\frac{1}{\underline{)}}-\mu_{c}<\mu<-\underline{1}-+\mu_{c}) -\frac{3\sqrt{3}i(le^{ib}}{8}\{\frac{i\sqrt{1-]4\underline{)}}(.1+l^{1})\underline{.}\lambda_{+}(\mu)}{\sqrt{3}(\frac{1}{\underline{)}}+\mu)}+\delta^{-\S}\frac{\partial Q}{\partial r/}(r]+I\} (\frac{1}{\underline{)}}-\mu_{c}<\mu<\frac{1}{\underline{)}}+\mu_{c}) \frac{3ze^{ib}\sqrt{1-\mu^{\underline{\prime}}}}{8}[\frac{(1+\mu)\lambda_{+}.(\mu)}{(\frac{1}{\underline{)}}+\mu)\underline{)}}-\frac{(1-l^{A})\lambda_{-}.(\mu)}{(\frac{1}{\underline{)}}-\mu)\underline{)}}] (\text{ }) (50)\end{array}$
. $\eta_{+}=\delta^{-2}\tilde{5}(\mu-\frac{1}{f})$ . $\eta_{-}=\delta^{-}F2(\mu+-\underline{1})$ $O(\delta^{\frac{2}{\epsilon}})\ll O(\mu_{c})\ll O(1)$ ,
$B(\mu)=-B(-\mu)$ $B(1)=B(-1)=0$ 3 . $R\epsilon^{\text{ }}=10^{5}(\delta=10^{-.5}\underline{)})$ $=- u_{r\infty}(\mu.\varphi))$
.,,
. (18) /1 $[-1:1]$
, $\ell\iota$ . $\mu$ Imag$(\mu)<0$






$0$ 0.2 0.4 0.6 0.8 1
$\mu$
3: -. $\varphi$ . $\delta=10^{-2.5}$ .




$a= \frac{14\sqrt{151}}{4_{0}^{r}3}=0.3_{\overline{t}}97\cdots$ . (\’ola)




$B(\mu)$ ( (50) ). $F(x)$
(17) 1-..
$\mu=\pm\frac{1}{\underline{)}}$ $B(\mu)$ .
$O(\delta\S)$ ( (44) )
$o(\Gamma\delta^{-\frac{3}{6}})$ ( (50) ) , $\delta^{\frac{3}{\epsilon}}(=\delta^{2}\cross\delta^{-\frac{3}{5}}\cross\delta^{-2\cross\frac{2}{6}})$
, $O(\Gamma)$ (50) -
(17) siii $\underline{)}\theta P\underline{\cdot)},\iota+1(\iota\cdot 0\backslash \backslash \theta)$ (. . $P_{\underline{\lambda}_{1+1}},(c\cdot os\theta)$ 2$r|+1$ ) $\theta$
$[0:\pi]$ $F(((b^{\mathfrak{z}}$
$F( \iota\cdot oL\backslash \theta)=\sum_{ll=t}^{x}F_{l1}P_{\underline{\lambda}n+1}((.os\theta)$ (52)
159
. $F_{J1}(rl=1.2. \cdots)$ 1 .
$\Lambda I_{1,1}F_{1}+\Lambda I_{1.2}F\underline{\cdot)}=B_{1}+\frac{8}{3\dot{\mathfrak{v}}}$ . (53a)
$AI_{1\iota.n-1}F_{n-1}+\Lambda I_{\nu\iota,’\iota}F_{n}+\Lambda I_{?,’ 1+1}F_{J?+1}=B_{\iota}$ $(7l\cdot=2.3_{\tau}\cdots)$ (53b)
( ) ,
$B_{1}= \int_{0}^{\pi}B((os\theta)$ sin $\underline{)}\theta P\underline{\cdot)},l+1(\cos\theta)d\theta$ $(n=1.2. \cdots)$ . (54)









, $A[i,0=0$ , (53a) (531) $)$
, $\delta$ ,
. ,
$\delta(\ll 1)$ . (53a) (531) $)$ ..
[1] (45a) $(4_{\overline{l}\dot{c}i})-(4_{\overline{l}\langle}l)$ . $(49a)$ $(491_{J})$ . $Q(\xi.\eta)$
[2] $B(\mu)$ (50)
[3] (53a) (531) $)$ $B_{l1}$ (54)
[4] (53a) (53b) $N$ . $F,$ , $N$ ,
$\delta=10^{-.5}\underline{)},10^{-d}$ . $10^{-4}$ . $N=50.100.200$







(.Kida et al. 2008) , $Re=10^{5}$ $\Gamma=2\cross 10^{-4}$ .
, ( 2009 )9. , , $O(1)$
$($ $(6a)),$ $O(\Gamma Re^{1/2})$ $($ $(24a)-(24c))$ . $o(\Gamma)$ (( , $F_{0}$
, $O(\Gamma Re^{d/10})$ ) ,
, c
4 5 , , ,
$\varphi$ 8 ((a) (i) )
, ( ) (. )
2
4: ,







$\Gamma=10^{-7}$ . $a=3\cross 10^{8}cn1,$ $\Omega=7\cross 10^{-5}s^{-1},$ $\nu=7\cross 10^{-s_{CI11^{-}\prime S^{1}}}$’ ,
. $f*ffi_{\llcorner}-\grave{|}^{/}\text{ ^{}\backslash }$ $\dot{(}\SA^{a}!\not\equiv ae$ $\iota\not\in$ $\text{ _{}?}^{\backslash }E\dagger L^{\backslash }\mathcal{A}$ $\Re$ffi $\ovalbox{\tt\small REJECT}$0 $\hslash$ $\neq$ $\downarrowh_{fk*h^{a}}’$ $\mathfrak{W}$ $A^{a}$ (Boiidi andLvttleton




4 , 4 5 .





– , $\sigma$ 1 (15) $\sigma=$ 9.
$\rho$ $x$ . $[(l$ : $b]$ $\kappa$
.
$v(x. \rho)=\int_{o}^{b}A’(\kappa)F(x+\kappa\rho)d\kappa$ (57)
, $F(\prime x)$ $A(\kappa)$ 2 , $tl$ $b$ $($ rt $>b)$ , ’












. $\alpha$ . $\beta$ $\gamma$ (60) $\kappa$ ,
$A’( \kappa)=-\frac{cx\kappa}{\sqrt{\sigma^{\underline{)}}-\kappa-}}+\beta$ (61)
r
, (59) 1 $F(x)$ (61) ,
$(\alpha\kappa-\beta\sqrt{\sigma\underline{)}-\kappa\underline{)}})\sqrt{\sigma\underline{)}-\kappa\underline{)}}F’(x+\kappa\sigma)-(cx\sqrt{\sigma\underline{)}-\kappa^{f}}+\beta\kappa)F(x+\kappa\sigma)=0$ (62)
, $F(.r)$ , , 2 $\lambda$ ( . $a$ $b$)





$v(. r.\rho)=\int 0^{\pi_{F(X+\backslash }}\sigma co_{\llcorner}\cdot\lambda\rho)_{COi};\lambda d\lambda$ (64)
.-





al. 2006) , (
) ,
$-1\leq x\leq 1$ $f(.r)$ $P_{1}(\prime r)(r|$. $=0.1.2\ldots.)$ ,
$f(x)= \sum_{n=0}^{K}\tilde{f}_{11}P_{n}(x)$ $(-1\leq x\leq 1)$ (65)
c , $\tilde{f}_{n}$
$\int_{-1}^{1}f(\tau)P_{n}(x)dx=\frac{2}{2r\prime+1}\tilde{f_{ll}}$ $(r\iota=0.1\ldots.)$ (66)
, $N$ $P_{N}(x)$ $-1<x_{0}<x_{1}<\cdots<x_{N-1}<1$ ,
$\uparrow l_{i}=\frac{2}{(1-x_{i^{2}})P_{N}^{J}(x_{i})^{2}}$ $(i=0.1\ldots. .N-1)$ (67)
,
$, \sum_{i=0}^{N-1}ll_{i}^{\prime P_{1}(\prime r_{j})g_{i}}=\frac{2}{2r\prime+1}\tilde{f_{J1}}$ $(r’=0,1, \cdots. N-1)$ (68)





sign(r) $= \sum_{n=0}^{\infty}(-1)^{\prime\iota}\frac{4r\prime.+3}{2r\iota+2}\frac{(2_{7l}-1)!!}{(2r\iota)!!}P\underline{\cdot)},l+1(x)$ (70)
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